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We report on reversible electric-field-driven magnetic domain wall motion in a Cu/Ni multilayer on a fer-
roelectric BaTiO3 substrate. In our heterostructure, strain-coupling to ferroelastic domains with in-plane
and perpendicular polarization in the BaTiO3 substrate causes the formation of domains with perpendicular
and in-plane magnetic anisotropy, respectively, in the Cu/Ni multilayer. Walls that separate magnetic do-
mains are elastically pinned onto ferroelectric domain walls. Using magneto-optical Kerr effect microscopy,
we demonstrate that out-of-plane electric field pulses across the BaTiO3 substrate move the magnetic and
ferroelectric domain walls in unison. Our experiments indicate an exponential increase of domain wall ve-
locity with electric field strength and opposite domain wall motion for positive and negative field pulses.
Magnetic fields do not affect the velocity of magnetic domain walls, but independently tailor their internal
spin structure, causing a change in domain wall dynamics at high velocities.
Controlled motion of domain walls in perpendicularly
magnetized layers forms the basis of spintronic memory
and logic device concepts.1,2 The technological relevance
of materials with perpendicular magnetic anisotropy
(PMA) stems from the stability and small width of their
domain walls. Domain walls in PMA nanowires are effi-
ciently driven by electrical currents via spin-orbit induced
effects.3–5 Motivated by the prospect of low-power con-
sumption and the ability to tailor magnetic properties
locally, electric-field control of domain walls in PMA sys-
tems is also pursued. In previous studies, electric fields
are either applied across a gate dielectric,6–9 an ionic
conductor,10,11 or a piezoelectric transducer.12 These ap-
proaches manipulate the strength of PMA. As a result,
the velocity or pinning of magnetic domain walls that
are driven by a magnetic field or electrical current is de-
liberately tuned. Since the underlying physics relies on
the variation of PMA, electric field control is most pro-
nounced for thermally activated creep motion.
ln this letter, we report on a PMA system wherein do-
main walls are actively driven by an electric field. Our
approach differs from previous work in that the electric
field does not modify the strength of PMA. Instead, elec-
tric fields are used to move domain walls in a ferroelectric
crystal onto which magnetic domain walls in a neighbor-
ing PMA multilayer are strongly pinned. The magnetic
domain walls are thus driven by an electric field without
the assistance of a magnetic field or electrical current.
Reversible motion of domain walls and an exponential in-
crease of domain wall velocity with electric field strength
are demonstrated.
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FIG. 1. Illustration of domain correlations in our experimen-
tal sample. The ferroelectric polarization of the BaTiO3 sub-
strate alternates between in-plane and perpendicular direc-
tions (white arrows). Strain transfer from these domains to
the [Cu (9 nm)/Ni (2 nm)]5/Cu (9 nm) multilayer causes the
magnetization to rotate from perpendicular to in-plane (black
marks). The magnetic domain walls are strongly pinned onto
the domain walls in the ferroelectric substrate, enabling re-
versible motion in positive and negative out-of-plane electric
fields.
We consider a [Cu (9 nm)/Ni (2 nm)]5/Cu (9 nm) mul-
tilayer on a single-crystal ferroelectric BaTiO3 substrate.
The Cu and Ni layers are grown by molecular beam epi-
taxy at room temperature onto a 1 nm Fe buffer layer
and capped by 5 nm Au. Before sample preparation,
the polarization of the BaTiO3 substrate is oriented in-
plane. Despite a lattice mismatch of more than 10% be-
tween the metal layers and BaTiO3, the Cu/Ni multi-
layer grows epitaxially with a (001) orientation. Instant
strain relaxation during MBE, decouples the Cu/Ni mul-
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FIG. 2. (a) MOKE microscopy image of the Cu/Ni multi-
layer. (b) Polar MOKE hysteresis curves for two neighboring
domains. The rectangles in (a) illustrate the area of data col-
lection. The measurements indicate that one of the domains
exhibits PMA (domain with red rectangle), while the mag-
netization of the other domain is oriented in-plane (domain
with black rectangle). (c) Local longitudinal MOKE hystere-
sis loops for the domain with in-plane magnetic anisotropy,
i.e., both curves are measured in the black rectangle. The
orientation of in-plane magnetic field is parallel (blue curve)
and perpendicular (black curve) to the domain wall. The
magnetic domain wall does not move in a magnetic field be-
cause of strong elastic pinning to a ferroelectric domain wall
in the BaTiO3 substrate.
tilayer from the BaTiO3 substrate. As a result, the Ni
layers are strained only by the lattice mismatch with Cu.
The growth-induced tensile strain in Ni amounts to 1.9%,
which is sufficient to induce PMA via a strong magnetoe-
lastic effect.13,14 For more details on the crystallographic
structure of the Cu/Ni multilayer on BaTiO3, we refer to
Ref. 15, which reports on magnetization switching. Here,
we focus on the dynamics of electric-field-driven domain
wall motion.
Domain walls are created in the Cu/Ni multilayer
by the application of a strong out-of-plane electric field
across the ferroelectric BaTiO3 substrate. After the field
is turned off, the BaTiO3 crystal relaxes into stripe do-
mains with alternating perpendicular and in-plane polar-
ization. Since the strain in Ni layers on top of ferroelec-
tric domains with in-plane polarization does not change
by this procedure, PMA is preserved in these areas. On
top of domains with perpendicular polarization, this is
not the case. Polarization switching from in-plane to
perpendicular coincides with a 90◦ rotation of the tetrag-
onal BaTiO3 unit cell. In the substrate plane, this corre-
sponds to a uniaxial lattice compression of 1.1%.16 Now
that the multilayer is clamped to the substrate, voltage-
induced strain effects are efficiently transferred to the
Cu/Ni multilayer. The growth-induced tensile strain in
Ni layers on domains with perpendicular polarization is
thus considerably reduced and this causes the magneti-
zation to rotate into the film plane. Figure 1 illustrates
the ferromagnetic and ferroelectric domain configuration
after the application of a strong out-of-plane electric field.
We use magneto-optical Kerr effect (MOKE) mi-
croscopy to characterize the sample. In Fig. 2, we focus
on an area of the Cu/Ni multilayer with one magnetic
domain wall. Local polar MOKE microscopy data (Fig.
2(b)) confirm that one of the domains exhibits PMA
(bright domain in Fig 2(a)). Using vibrating sample mag-
netometry with large in-plane magnetic field (not shown),
we derive an effective PMA of Keff = 2.4× 104 J/m3 for
this domain type. The polar MOKE hysteresis curve of
the other domain is completely closed (black curve in
Fig. 2(b)). Local longitudinal MOKE microscopy mea-
surements on this domain (Fig. 2(c)) indicate that the in-
plane magnetization aligns perpendicular to the domain
wall. From the slope of the hard-axis hysteresis curve,
we estimate an uniaxial in-plane magnetic anisotropy of
Ku = 1.2× 104 J/m3. The magnetic domain wall in the
Cu/Ni multilayer is pinned onto a ferroelectric domain
wall in the BaTiO3 substrate, separating domains with
in-plane and perpendicular polarization. This strong pin-
ning effect, which prevents any domain wall displacement
in an applied magnetic field, is caused by the abrupt
change in magnetoelastic anisotropy.
Next, we discuss the magnetic response to out-of-plane
electric field pulses. In the experiments, the Cu/Ni mul-
tilayer is grounded and square voltage pulses are applied
to a metallic electrode on the back of the BaTiO3 sub-
strate. Positive pulses generate an electric field (E+)
favoring ferroelectric domains with polarization pointing
upward. As a result, these domains grow at the expense
of neighboring domains with in-plane polarization. A re-
versal of the voltage polarity (i.e. negative voltages or
E−) causes ferroelectric domains with upward polariza-
tion to shrink. Alternating positive and negative volt-
age pulses thus reversibly move the ferroelectric domain
walls in the BaTiO3 substrate. Figure 3(a) shows the
magnetic response of the Cu/Ni multilayer to this elec-
tric field effect. Positive electric field pulses (indicated by
black numbered dots) displace the magnetic domain wall
downward. In this case, the domain with in-plane mag-
netization grows at the expense of the magnetic domain
with PMA. Negative out-of-plane electric field pulses (red
numbered dots), in turn, move the magnetic domain wall
back up. Reversible motion of the domain wall is caused
by strong strain coupling between magnetic domains in
the Cu/Ni multilayer and ferroelectric domains in the
BaTiO3 substrate. Correlations between the different fer-
roic domains are preserved in an applied electric field, as
previously demonstrated for magnetic films with in-plane
magnetic anisotropy.17 Consequently, the magnetic and
ferroelectric domain walls move in unison. Electric-field-
driven motion of the magnetic domain wall does not re-
quire any assistance from a magnetic field or electrical
current.
The domain wall velocity (v) varies with the strength
of applied electric field. To extract the v−E dependence,
we adjust the duration of the voltage pulses (∆t) to the
strength of the applied electric field, so that the dis-
placement of domain walls is accurately measured (typ-
ically ∆x ≈ 5 µm). From the data, the velocity (v)
of electric-field-driven magnetic domain walls is derived
(v = ∆x/∆t). Figure 3(b) summarizes the results for
positive and negative out-of-plane field pulses. For both
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FIG. 3. (a) Sequence of MOKE microscopy images demon-
strating reversible electric-field-driven magnetic domain wall
motion in the Cu/Ni multilayer. Images with black (red) dots
are recorded after the application of a positive (negative) field
pulse across the BaTiO3 substrate. The strength of the elec-
tric field is ±3.5 kV/cm. (b) Dependence of domain wall
velocity on electric field strength.
pulse polarities, the domain wall velocity increases by
five orders of magnitude when the electric field is en-
hanced from 2 kV/cm to 15 kV/cm. The exponential
variation of v with E is explained by thermally assisted
depinning of the ferroelectric domain wall in the BaTiO3
substrate.18 The maximum domain wall velocity in our
proof-of-concept experiments is 1 cm/s. Despite being
relatively small compared to current-driven magnetic do-
main wall motion,3–5 it is three orders of magnitude faster
than our previous result on 20-nm-thick Fe films with
in-plane magnetic anisotropy.19 This observation demon-
strates that exponential scaling of the domain wall ve-
locity persists up to large electric field. Further enhance-
ments of the maximum velocity would require the use of
ultrashort and even stronger field pulses. An extrapola-
tion of the data in Fig. 3(b) suggests that E ≈ 30 kV/cm
could possibly increase the domain wall velocity to 100
m/s. For reasonably small voltages, this is only achieved
when the thickness of the BaTiO3 layer is reduced from
500 µm (this study) to <1 µm. Since it is not obvious
how downscaling affects the dynamics of ferroelectric do-
main walls, this open question needs to be addressed in
future studies.
To assess domain wall dynamics at high velocities, we
performed micromagnetic simulations using MuMax3.20
In the simulations, a 2-nm-thick Ni layer is discretized
into 2.5 × 2.5 nm cells. As input parameters, we use
the magnetic anisotropy values from our experiments, to-
gether with a saturation magnetization Ms = 4.8 × 105
A/m,21 an exchange constant A = 7.3×10−12 J/m,22 and
a damping parameter α = 0.015. The application of an
out-of-plane electric field is mimicked by fast lateral mo-
tion of an anisotropy boundary that separates domains
with perpendicular and in-plane magnetization. Domain
wall motion at velocity v is implemented by shifting the
anisotropy boundary over one discretization cell (∆x =
2.5 nm) during each time window ∆t = ∆x/v of the sim-
ulation. Two-dimensional periodic boundary conditions
are used. The micromagnetic simulations thus reflect the
dynamic response of a continuous Ni/Cu multilayer on
top of BaTiO3.
Figure 4 shows an overview of simulation results. Un-
der static conditions and zero magnetic field (Fig. 4(a)),
the simulations reproduce the domain configuration in
the MOKE microscopy images of Figs. 2 and 3, i.e., one
domain with in-plane magnetization pointing towards the
domain wall and another domain with PMA. The 90◦
magnetic domain wall that separates the two domains is
of the Ne´el type. At high domain wall velocities v, the
magnetization within the wall tilts towards the y-axis.
The tilt angle depends on the direction of domain wall
motion and steadily grows with v. Above a critical veloc-
ity vcrit, here corresponding to the velocity at which the
magnetization points along +y or −y, the spins within
the magnetic domain wall start to precess continuously.
This dynamic behavior, which is similar to Walker break-
down in magnetic domain walls that are driven by a mag-
netic field or electric current,23–25 results in the emission
of spin waves.26 Figure 4(d) shows an example.
The application of a magnetic field does not move the
magnetic domain wall, in agreement with experiments,
but it changes its spin structure (Fig. 4(c)). Besides, a
magnetic field either stabilizes or destabilizes the domain
wall at high velocities, depending on the directions of ap-
plied magnetic field and domain wall motion. In general,
external magnetic fields that suppress magnetization tilt-
ing towards the y-axis enhance the critical velocity. The
simulated variations of vcrit with in-plane magnetic fields
along the x- and y-axes are summarized in Fig. 4(e).
In summary, we have demonstrated reversible
electric-field-driven motion of magnetic domain walls
in perpendicularly magnetized Cu/Ni multilayers on
ferroelectric BaTiO3 substrates. The driving mechanism
is based on strong elastic coupling between magnetic and
ferroelectric domains and does not require assistance
from a magnetic field or electrical current. The velocity
of the magnetic domain walls is fully determined by
the electric field strength. While not affecting magnetic
domain wall motion, magnetic fields allow for versatile
tuning of their internal spin structure. Electric and
magnetic fields can thus be used to independently move
and tailor magnetic domain walls in Cu/Ni multilayers.
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FIG. 4. (a)-(c) Micromagnetic simulations of the magnetic domain wall for zero and non-zero magnetic fields along the x- and
y-axis. Colored arrows indicate the in-plane orientation of magnetization. The magnetization is oriented out-of-plane in white
areas. In (a)-(c), v < vcrit. (d) Spin wave emission from a moving domain wall for v > vcrit. The double-headed arrow indicates
the scale of all micromagnetic simulations. (e) Variation of critical domain wall velocity with magnetic bias field along the x-
and y-axis.
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